Abstract-Recently, some accidents in spacecraft due to charging up by irradiation of charged particles have been reported. Some of them are caused by a surface discharge, which normally takes place in a plasma environment in space. Some others seem to be caused by a discharge due to an accumulation of charge in the bulk of materials in a relatively high-altitude environment. To investigate the charge accumulation in the bulk of materials, the authors have been developing an internal charge measurement system. The internal charge accumulation in dielectric materials under irradiation of artificial radioactive rays is observed using the developed system, which employs the so-called pulsed electroacoustic method and pressure wave propagation method based on pulse acoustic measurement techniques. The developed system is applicable to the measurement of the charge distribution in dielectrics in air atmosphere or vacuum environments under electron beam, proton beam, and gamma ray irradiations. Using the system, we measured bulk charge distributions in polymeric films and glass materials. In this paper, summaries of some typical measurement results are presented following a brief explanation of measurement principles.
I
N SPACE environments, especially at high altitude such as at a geostationary Earth orbit, a spacecraft is exposed to high-energy radioactive rays, such as electrons, protons, and/or gamma rays. When the radioactive rays from solar flares are irradiated to the insulating materials of the spacecraft such as heat control polymer sheets or the cover glasses of solar batteries, it is said that charges accumulate on their surface and/or in their bulk and sometimes they cause electrical discharge resulting in serious damage to the electric devices of the spacecraft [1] , [2] . T. Takada is with the Musashi Institute of Technology, Yokohama, Kanagawa 224-0015, Japan (e-mail: takada@yc.musashi-tech.ac.jp).
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Color versions of Figs. 6, 7, 12, 13, 15, and Accidents in such an environment are thought to be deeply related to the interaction between dielectric materials and highenergy charged particles composed of electrons and protons, which are suddenly scattered with solar flares. However, the mechanism of how such high-energy particles cause serious damage to spacecrafts has not been clarified yet. Therefore, it is necessary to investigate the relationship between the accidents and the accumulation of charge by irradiation of radioactive rays. However, it had been difficult to measure the charge distribution in the bulk of insulating materials directly.
Although numerical simulations based on data of surface potential measurements for charged dielectrics carried out by irradiation of high-energy particles have attempted to understand the phenomenon [3] , it seems to be difficult to study the phenomenon quantitatively. Therefore, we have been trying to develop several types of measurement systems to observe the bulk charge distribution in dielectrics under high-energy electron-beam irradiation in a quasi-space environment [4] , [5] .
Advanced measurement techniques for electric-charge accumulation in dielectrics, the so-called pulsed electroacoustic (PEA) method and pressure wave propagation (PWP) methods, have been mainly developed for measurement of high-voltage equipment [6] . In the initial stage of developing the PEA method in the 1980s, we tried to observe the electric-charge accumulation in dielectrics irradiated with high-energy electron beams [4] , [5] , since it was easy to obtain a relatively large acoustic signal from an accumulated charge in dielectrics in which a lot of electric charge was stored. Advanced measurement techniques have been applied for evaluating the various dielectrics such as polymer, glass, and photoconducting materials with various shapes such as sheet, plate, and coaxial cable geometries. As shown in this paper, these advanced measurement techniques can be applied to the basic investigation on space-charge accumulation caused by high-energy radioactive rays, especially electron beam, gamma ray, and proton irradiation, under various environmental conditions in air or vacuum atmospheres, at room temperature or at elevated temperature. Many results shown in this paper suggest that the techniques are effective in investigating the internal charge accumulation in dielectric materials under space environmental conditions.
II. MEASUREMENT OF INTERNAL ELECTRIC CHARGE DISTRIBUTION
We have developed two methods, which are the so-called PEA and PWP methods, to measure the internal electric charge distribution in insulating materials. Here, the principles of those methods are described briefly.
A. Principle of PEA Method
The PEA method is one of the widely used techniques for measuring the charge distribution in dielectrics. A schematic diagram depicting the principle underlying the PEA method is shown in Fig. 1 . Consider a sheet sample with thickness d and charge distribution ρ(z). A pulsive electric field Ep(t) is applied externally to the sample, and it induces a perturbation force on each charge. This force causes the charge to move slightly. This movement generates an acoustic wave that is proportional to the charge distribution in the sample. A piezoelectric transducer is used to detect the acoustic wave by transforming the acoustic wave into an electric signal. The details of the measurement are described elsewhere [7] . In the PEA measurement system, since the detector of the piezoelectric transducer is completely shielded and separated from the sample, we can measure the charge distribution with low electric noise. However, because it is necessary to apply a highvoltage pulse to the sample to obtain a sufficient level of the electrical signal, it is difficult to apply the method in a vacuum environment. If the high-voltage pulse is applied to the sample in a vacuum environment, it is expected that an electrical discharge based on Paschen's law must take place. Therefore, it is necessary to improve the system to use it as a monitoring system in a space environment. Thus far, we have mainly used the system for fundamental research work to investigate the charge accumulation after irradiation in a laboratory.
B. Principle of PWP Method
The PWP method is another major technique for measuring the charge distribution in dielectrics. A schematic diagram depicting the principle underlying piezo-induced PWP, which is variant of the PWP method, is shown in Fig. 2 . In this technique, the acoustic wave acts as a "probe" for charge detection. Since the charge accumulated in the bulk moves when the acoustic wave propagates through it, the movement causes a change in induced surface charge on the electrodes. Therefore, the time-dependent signal of the displacement current of the external circuit indicates the charge distribution in the sample. By measuring the displacement current, we can obtain the charge distribution in the bulk of the sample. The details of the measurement are described elsewhere [7] . Since the electric pulse voltage, which is applied to a piezoelectric transducer to generate the pulse acoustic wave, is not so high in the PWP system, this method is applicable for measurement under vacuum conditions. Therefore, this method may be used as a monitor in spacecraft. In this measurement system, since the sensitive amplifier is connected to the sample irradiated by the radioactive rays, it is easily affected and damaged by the electric noise.
Therefore, it is necessary to make some improvement to use it as the monitoring system in a space vacuum environment as follows. 1) The PEA and PWP methods apply a pulse high voltage to the charged samples and piezoelectric device, respectively. The pulse voltage should not be exceeded approximately 300 V of the Paschen's minimum voltage for electrical discharge as mentioned above. 2) Because the pulse voltage is comparatively low, the measurement sensitivity has to be made from the measurement-system enhancements, which is used in atmospheric pressure.
3) The measurement system has to be miniaturized for mounting on a spacecraft [8] .
C. Comparison of Measurement Results
A poly-methyl-methacrylate (PMMA) sample with a thickness of 500 µm is measured using both PEA and PWP methods for comparison. The sample is irradiated by an electron beam with an energy of 200 keV and a current density of 1.0 nA/cm 2 for 3 h. The space-charge distributions in the short-circuited sample are shown in Figs. 3(a) and 4(a), which are obtained using the PEA and PWP methods, respectively. The results obtained using both methods are almost the same each other. Judging from a valley found at z = 160 µm, the irradiated electrons must be concentrating there. The maximum penetration depth of irradiated electrons is about 400 µm. Surface charges induced by bulk charge show two peaks at z = 0 and 500 µm in the figure.
As described in the explanation of the principle, surfacecharge density σ should be a δ function if one expresses it in the coordinate system of volume space-charge density. However, owing to the finite resolution of the detecting device and the finite width of the generated pulse, it is impossible to obtain this ideal result. Consequently, the induced surface charges are expressed as a peak and a valley in the coordinate axis of space-charge density as shown in Figs. 3(a) and 4(a). In other words, the widths of the peak and valley reflect the resolution of the measurement system. The narrower the width depicts the higher the resolution. We define the width at half height of the peak as the resolution. Since the half-height widths observed using both systems are about 16 µm, their resolutions are almost the same.
The distributions of electric field E(z) and potential V (z) are shown in Fig. 3 (b) and (c) and Fig. 4 (b) and (c), which were observed using the PEA and PWP methods, respectively. Since both surfaces of the sample are connected to the ground level, the electric potential should be zero at each electrode. Therefore, the peak of the triangle located at z = 190 µm corresponds to the position where E(z) is zero.
The results of the distributions of ρ(z), E(z), and V (z) measured using both methods seem to be almost the same. This indicates that both measurement methods are applicable to measuring the charge distribution in the bulk of insulating materials.
III. OBSERVATION OF DYNAMIC CHARGE BEHAVIOR
It has been known that the electrical breakdown of insulating materials is strongly affected by both, the formation of the space charge and the local electric-field intensity in the bulk of the materials. When a high voltage is applied to an insulating material, the space charges gradually form in its bulk. To observe the formation of the space charge, we measured the space-charge distribution as a function of position z and voltage application time t. The advanced PEA system is developed to measure the space-charge distribution in thin polymeric film with spatial resolution of 10 µm under the high electric field (about 5 MV/cm) with short intervals (0.5 ms) for a long time (over 10 min.). Using this system, we observed the spacecharge dynamics in low-density polyethylene (LDPE) at and around the breakdown field [9] .
A. Results and Discussion
Fig . 5 shows a typical measurement result observed using the advanced PEA system by applying 50 kV to the LDPE sample. The time-dependent space-charge profiles are described using color charts as shown in Fig. 5 . In the color charts, red and blue stand for positive and negative charge densities, respectively. The color bar shows the scale of the charge density. In this figure, the vertical axes for the time before and after breakdown are described in units of minutes and seconds, respectively. The horizontal axis stands for the position in the bulk of the sample. Left and right vertical lines show the positions of the cathode and anode electrodes, respectively. As shown in Fig. 5 , a large amount of positive packet charge was injected from the anode after voltage application. The injected positive packet moved toward the cathode side with increasing voltage application time. The movement, however, gradually slowed down, and finally, it stopped in the middle of the bulk. At about 20 min after voltage on, the breakdown occurred in the sample. After the breakdown, the positive charge splits into two parts and they moved toward each counter electrode. About 40 s after the breakdown, the positive charge packets disappeared. Fig. 6 (a) and (b) shows the time-dependent space-charge distribution and calculated electric-field distribution during the voltage application, respectively. It is found that the electric fields increase with the movement of the positive packet charges in all the results. When the positive packets reach the stoppage position, the electric fields at the positions become maxima. The maximum electric fields are about 5.5 MV/cm. Fig. 6(c) and (d) shows the time-dependent space charge and the calculated electric-field distributions after the breakdown. Immediately after the breakdown, the electric field in the bulk generated by the existence of the injected positive charge is about 3 MV/cm.
We observed space-charge profiles in the LDPE under various electric fields, 0.5 to 4.0 MV/cm, before and after breakdowns. It is found that the maximum injection depth just before the breakdown is inversely proportional to the initially applied field. On the other hand, it is found that no matter how much electric field is initially applied to the sample, the breakdown strength of the local electric field just before the breakdown shows almost the same value of about 5.2 MV/cm. the reasons for the aforementioned curious phenomena are still under investigation. However, the results are significant, which may be one of the keys to showing the relationship between the breakdown and the space-charge accumulation.
IV. INTERNAL CHARGE ACCUMULATION BY ELECTRON-BEAM IRRADIATION
It is necessary to measure the charge distribution under the electron-beam irradiation in order to investigate the spacecraft charging. Therefore, we attempted to develop a newly designed PWP system to measure the charge distribution under the electron-beam irradiation [10] . Fig. 7 shows a schematic diagram of the newly developed apparatus for a real-time measurement system under the electronbeam irradiation. The new apparatus must have a window for the irradiation of the electron beam to the sample. Therefore, a window is made on the topside electrode of the apparatus as shown in Fig. 7 . To obtain the electric signal from the bottom side of the sample, a glass plate is inserted between the sample and the piezoelectric device. This glass plate is used to isolate the bottom side of the sample from the grounded level. As the aluminum electrode is evaporated on the bottom side of the glass plate for shielding, the sample is completely covered by the grounded shield. The glass plate also has an evaporated electrode on the topside surface, and it is connected to the detecting amplifier.
A. Experimental Setup and Electron-Beam Irradiation
Electron-beam irradiation was carried out in air atmosphere using an electron gun (EC300, Iwasaki Electric Co., Ltd.) with an energy of 230 keV and a beam current of 10 mA/cm 2 for 5 min. The electrons are accelerated in the vacuum chamber and they come down through the titanium foil of 12.7-µm thickness. After passing through the foil, the electrons arrive at the surface of the sample through the air gap of about 5 cm. Fig. 8(a) shows the time dependence of the charge distributions in the PMMA of 510-µm thickness during the electron-beam irradiation. The results shown in these figures are obtained 30 s before the irradiation and every 1 min during the irradiation. This measurement system takes 10 s to obtain one space-charge signal for an average processing of 1000 times. Within 1 min after the start of the irradiation, no remarkable peak was observed in the charge distribution. After 1 min from the start of the irradiation, a negative peak appeared at a depth of about 200 µm from the irradiation surface. The peak height gradually increased during the irradiation, and finally, it reached a value of about −33 µC/cm 3 . Judging from this result, the deepest position of the electron-beam penetration seems to be at 315 µm from the irradiation surface.
B. Charging Process
The electric-field distributions shown in Fig. 8 (b) were calculated using the charge distributions shown in Fig. 8(a) . It is clearly shown that the direction of the electric-field distribution is separated into two zones. The zones on the left-and right-hand sides are the positive and negative electric fields, respectively. The negative electric field gives a force toward the right-hand side to the injected electrons. In other words, the negative electric field works as a force that pulls back the injected electrons toward the irradiation surface. The increase in the negative electric field might cause the saturation of the increase in the charge distribution. The maximum negative electric field is about 990 kV/cm in the vicinity of the irradiation surface. Fig. 9 . Time dependence of space-charge distribution in PMMA sample after an electron-beam irradiation. Fig. 8(c) shows the electric potential distribution calculated using the electric-field distribution shown in Fig. 8(b) . From  Fig. 8(a) and (c), both peaks detected for the potential distribution and charge distribution are located in the same region at 220 and 230 µm, respectively. The maximum of the potential is about 16.8 kV. Fig. 9 shows the decay process of the charge distribution after the electron-beam irradiation. Within 10 min after the irradiation, the peak decreased to half the value of the initial. It is found that the peak seems to shift gradually toward the lefthand side with time. The right-hand side in this figure may be the damaged zone, and the mobility in this area is expected to be higher than that in the nondamaged zone. Since the electrons are expected to escape from the bulk toward the irradiation surface, the decrease of right-hand side of the peak should be faster than that of the left-hand side of the peak. This may be the reason that the peak shifts toward the left-hand side gradually.
C. Decaying Process
Since the electrons are expected to displace and escape from the bulk toward the irradiation surface, the decrease in accumulated charge located on the right-hand side of the peak (220 µm) should be faster than that on the left-hand side of the peak. This is thought to be the reason for the apparent peak shift toward the left-hand side.
V. INTERNAL CHARGE ACCUMULATION IN KAPTON
The Kapton film is widely used as a heat control polymer sheet (thermal blanket) of spacecraft in space environments because of the high performance of its dielectric and mechanical properties at high temperature. Therefore, it seems to be important to investigate the charging properties of Kapton under the electron-beam irradiation under vacuum conditions.
Since the voltage applied to a piezoelectric device to generate the pulse acoustic wave is lower than the minimum discharge voltage of Paschen's law, we need not worry about the discharge in the system even in a vacuum environment. We have developed a measurement system using the PWP method to measure the internal charge in dielectrics under the electronbeam irradiation in vacuum as shown in Fig. 7 . The newest one has a resolution of 5 µm. Thus, we can measure a 50-µm thick Kapton film at a resolution of 10%. Fig. 10 shows the electric charge distribution obtained using the PEA system in Kapton film (125 µm in thickness) after electron-beam irradiation. The energy and current density of the electron beam were 70 keV and 0.05 mA/cm 2 , respectively. The electron-beam irradiation was carried out in vacuum at a pressure of 1.2 × 10 −4 Pa. It is clearly shown from Fig. 10(a) that the negative charge is accumulated in Kapton by the electron-beam irradiation in vacuum for 10 s. Furthermore, as shown in Fig. 10(b) , negative and positive charges are observed in the middle of the sample after 600 s of irradiation. It seems that the electric-field intensity is enhanced at the zone between the accumulated negative charge and the right-side electrode. Therefore, the trapped electrons were drifted by the local electric field. Consequently, a positive charge appeared after the negative charge.
A. Charging and Decaying Process

B. Charge Decaying at High Temperature
It was reported that the temperature of a spacecraft is periodically changed from −180
• C behind the earth to +150
• C on the day side [11] . Therefore, the temperature of the thermal insulation film, Kapton, is also changed. Consequently, the PEA system was improved to observe the accumulated charge behavior in Kapton at elevated temperature [12] . In this system, the LiNbO 3 crystal is used as the detector of acoustic waves to reduce the change in sensitivity caused by the increase in temperature.
As shown in Fig. 11(a) , the negative charge at the center of the sample decreased between 30
• C and 120
• C. The negative charge moves toward the electrode side as the temperature increased. On the other hand, as shown in Fig. 11(b) , the negative and positive charges gradually decreased with elevated temperature between 30
• C. It means that the detrapped negative charge must drift toward the area of positive charge accumulation and it must recombine with the positive charge.
VI. INTERNAL CHARGE ACCUMULATION IN GLASS MATERIALS
We focused on a spacecraft accident caused by the internal charging in a glass material that was used as the cover plate of a solar array. Therefore, we tried to measure the charge accumulation in glass materials under the electron-beam irradiation by using the PEA method [13] . We obtained two unexpected results that no charge accumulation in quartz glass (pure SiO 2 ) was observed under the electron-beam irradiation and the positive charge accumulation was observed in glass samples containing a metal-oxide compound [14] . Table I shows the chemical composition of the glass materials used in this experiment. The basic component of these glass samples is SiO 2 . Alumina (Al 2 O 3 ) is added to improve Fig. 12(a) shows the negative charge distributions accumulated after the electron-beam irradiation in T-glass. Since both electrodes on the surfaces of the sample are grounded during the measurements, the interfacial charges are induced at the electrodes with polarity opposite that of the accumulated charge in the bulk of the sample. Fig. 12(b) shows the space-charge distribution in E-glass. Even though E-glass was irradiated by negative electron beams, positive charges were observed to accumulate. Corresponding to these positive charges, negative charges were induced at the grounding electrode surface on the irradiation side. Thus far, negative charges had always been observed to accumulate in polymer insulating materials such as PMMA under the electron-beam irradiation. This was the first time to observe the accumulation of positive charges as that in E-glass.
A. Negative and Positive Charge Accumulation
We speculate that the alumina (Al 2 O 3 ) in T-glass plays the role of trap, a center for capturing electrons, and contributes to the negative charge accumulation, while the metal-oxide compound of alkali (CaO, Na 2 O) in E-glass plays the role of releasing electrons and contributes to the positive charge accumulation.
B. Charge Accumulation in Quartz Glass and PMMA
When the glass materials including some additives were irradiated with an electron beam, some showed the positive charge accumulation and others showed the negative charges accumulation in the bulk. Because we thought that the difference in the polarity of the accumulated charges depended on the additives (metal-oxide compounds) in the glass materials, the charge distributions in pure quartz glass (SiO 2 ) and polymer PMMA without any metal-oxide compounds were measured during and after e-beam irradiation.
The results of the charge-distribution measurements in both samples are shown in Fig. 13(a) and (b), respectively. As shown in Fig. 13(a) , no remarkable charge is observed in the pure quartz glass neither during nor after the electron-beam irradiation. On the other hand, as shown in Fig. 13(b) , a large amount of negative charge is observed in PMMA, which does not contain any metal-oxide compounds. The amount and polarity of the accumulated charges that remained in glass materials after the e-beam irradiation are considered to depend on the composition of metal-oxide compounds included in the glass materials.
As shown in the above results, because the charge accumulation in the glass materials strongly depends on the chemical compounds, we have to study more about the relationship between the charge accumulation and the chemical compounds.
VII. INTERNAL CHARGE ACCUMULATION BY
GAMMA RAY IRRADIATION Gamma rays and X rays are electromagnetic waves and electrically neutral. However, the ionization ability of a gamma ray is very high. When the dielectric material is irradiated with a gamma ray, a lot of pairs of positive parent ions and negative electrons are expected to be generated and to be distributed uniformly in the material. Therefore, we attempted to observe the charge accumulation in dielectrics after the gamma ray irradiation under dc stress. 
A. Results and Discussion
Fig. 14 shows the charge-accumulation process in LDPE after gamma ray irradiation under dc voltage stress. The charge distributions were measured using the PEA method. The thickness of the LDPE is about 630 µm, and the applied voltage is 15 kV. The sample was irradiated with a gamma ray from a 60 Co source at a dose rate of 12 Gy/h and a total dose of 2.4 kGy in air atmosphere. Before voltage application, no charge was observed in the bulk even if the LDPE sample was irradiated with the gamma ray. After voltage application, the positive charge appeared near the cathode and moved toward the anode, and then the charge distribution became stable, finally, as shown in Fig. 14(a) . Fig. 14(b) shows a time-dependent charge distribution under the short-circuit condition after the voltage application. After turning the voltage on, the positive charge near the cathode decreased gradually, and another positive charge appeared near the anode.
An analysis model of the charge accumulation and decay process mentioned above is considered in the following. Consider electrons and parent positive ions with density ρ, which escaped recombination, remained, and are uniformly distributed in the gamma-ray-irradiated LDPE sample. Here, we assume, if the dc voltage is applied to this LDPE sample, that only the electrons are mobile, there is no injecting charge from the electrode. When some of the electrons are drifted and swept out into the anode by the applied dc voltage, some of the positive ions become observable. The details of the analysis model are described elsewhere [15] .
VIII. INTERNAL CHARGE ACCUMULATION BY PROTON IRRADIATION
Because a high-energy proton beam is one of the radioactive rays in a space environment, the positive charge accumulation in dielectric materials induced by a proton-beam irradiation should be investigated. We have observed the charge distribution in insulating material irradiated with a proton beam. The energy values of 1.0, 3.0, and 6.0 MeV were adapted because the energy of protons in a space environment is said to range from 1.0 to 6.0 MeV. [16] The irradiation current density of the proton beam used was 30 nA/cm 2 , and the exposure time was 180 s. The test sample was PMMA with a thickness of 1.0 mm. The charge distribution in proton beam irradiated PMMA was measured using the PEA method after the irradiation. Fig. 15 shows the charge distribution in the proton beam irradiated PMMA. The signal of the positive charge accumulation in the sample was observed in the middle of the sample. The negative charges show the induced charge at both ground electrodes. They are induced by the accumulated positive charge in the bulk. The peak positions of positive charges are 432, 94, and 22 µm from the irradiation surface with irradiation energies of 6.0, 3.0, and 1.0 MeV, respectively. The penetration depths of protons in the PMMA were calculated using a simulation model [17] . Their values are 412, 124, and 20 µm for 6.0, 3.0, and 1.0 MeV, respectively. The calculated values are very close to the peak positions of the positive charges shown in Fig. 15 .
A. Results and Discussion
IX. CONCLUSION
In this century, the size of a spacecraft continuously increases because of the demand for the various functions, such as broadcasting, communication, and weather observation. It seems that the probability of accidents in spacecraft caused by high-energy radioactive rays increases. With the increase in size of the spacecraft, the sizes of dielectric materials such as the cover of solar array panels, the insulator for wire harnesses, and/or the thermal blanket become larger. In other words, the area exposed to high-energy radioactive rays becomes large with the increase in size of spacecraft. Therefore, it seems to become increasingly important to investigate the internal and surfacecharging properties of the dielectric materials for spacecraft.
